Introduction
Apolipoprotein A-IV (apoA-IV) was discovered 40 years ago as a major protein component of chylomicrons in post-prandial lymph and plasma of both humans and rats (1) (2) (3) . In plasma it is found on chylomicrons and on HDL but 40-50% circulates lipid free (1) (2) (3) . The presence of apoA-IV in the blood is uniquely linked to the absorption and secretion of dietary lipid. It is synthesized by the intestine and secreted into mesenteric lymph on chylomicrons. During hydrolysis of the chylomicron triglycerides in the circulation, most of the apoA-IV dissociates from the chylomicrons.
Approximately 25% transfers to plasma HDL and the rest is found in the lipoprotein-free fraction of plasma (4, 5) . The reason why apoA-IV detaches from chylomicrons during lipolysis is not fully known but is likely due to the shrinking surface area of the particles plus competition for the remaining lipophilic surface with other exchangeable apolipoproteins such as apoE and the apoC's, as well as other changes in the environment of the chylomicron particle. ApoA-IV is also found in bile and cerebrospinal fluid (6) .
Over the years there has been an arduous search by several investigators to discover the physiological functions of this protein. Initial studies were focused on lipid absorption, lipoprotein metabolism, and cardiovascular diseases related to hyperlipidemia. Studies of genetically modified mice as well as some clinical studies suggested that apoA-IV protects against atherosclerosis (7) (8) (9) (10) . While a mechanism related to lipid absorption is possible, apoA-IV also promotes reverse cholesterol transport, and has potent antioxidant and anti-inflammatory properties (10) (11) (12) (13) (14) (15) (16) , which may be the relevant functions in those models (8) (9) (10) . While these properties are potentially very important, they are not unique to apoA-IV and have been very well-characterized in the related apolipoproteins apoA-I and apoE. The top half of Table 1 lists the proposed cardiovascular-related functions of apoA-IV with a brief summary of the supporting data. These functions will not be discussed in detail in this review but several references are included in Table 1 for the interested reader.
We focus instead on properties more unique to apoA-IV among the apolipoproteins. These functions are listed in the bottom half of Table 1and are discussed in detail later. ApoA-IV has been shown to affect satiation and acute food consumption through interaction with other peripheral and central (nervous system) regulators. Recently our group has discovered that apoA-IV also contributes to glucose homeostasis through an incretin-like function (17) , positioning this protein as a new and potentially very important therapeutic molecule for treatment of type II diabetes and metabolic disease. Which of these functions is (are) more important remains to be demonstrated, and will require continued investigation using animal models, especially genetically modified mice, as well as additional clinical studies designed to evaluate these newly discovered properties of apoA-IV. 5 of a portion of this locus greatly increased risk of cardiovascular events (7) . A number of subsequent genetic studies have confirmed the importance of this locus for susceptibility to heart disease, especially dyslipidemias that involve high serum triglyceride and/or low HDL. A role for apoA-IV in protecting against heart disease was first implicated by transgenic mouse studies which showed that animals with elevated intestinal expression of the protein were protected from dietinduced atherosclerosis (8) (9) (10) . Several isoforms of apoA-IV have been known since shortly after the identification of the protein in human plasma over 30 years ago (21) . While at least 5 variants caused by point mutations or small insertions have been identified in various populations (21) (22) (23) , there are 3 polymorphic sites in the APOA4 gene that are more common and have been of clinical interest: N147S, T347S, and Q360H. The first of these is located in the long central helix bundle B while the other 2 are located in helix bundle D nearer the C-terminus (19) . Interestingly, the Q360H mutation introduces a charge near a region that is known to affect lipid binding.
While clinical correlates for APOA1, APOC3, and APOA5 mutations have been clearly documented, the clinical effects of these APOA4 mutations on cardiovascular risk have been more difficult to establish. This may result, in part, from linkage disequilibrium between APOA5 or APOC3 mutants and APOA4 SNPs of interest, such that apparent APOA4 effects are actually due to co-segregating risk alleles of one or more of the other genes in the cluster (24) . However, the controversy could also result from sampling parameters used in the studies. Fasting serum is typically collected for lipid and lipoprotein measurements in clinical studies. Since apoA-IV function is related to chylomicron secretion and metabolism and response to dietary lipid load, which are not measured by fasting lipids, potential effects of mutant APOA4 alleles may have been missed in some studies. Gomez et al. (25) found that the T347S difference modified the effect of APOA1 mutations on LDL particle size in a manner that was diet-dependent. An earlier study by Hockey et al. (26) suggested that the 360H allele, which was predicted to have greater lipid affinity, delays postprandial chylomicron clearance compared to 360Q, with some suggestion that the 347S allele may have the opposite effect. Other studies have also suggested linkage between the 347 and 360 polymorphisms and response to diet (27, 28) . Interestingly, a report by Liu et al. (29) suggests that the N147S polymorphism may affect the response of individuals to fibrate treatment, further indicating the potential clinical importance of APOA4 genotype screening with respect to metabolic disease risk and for potential therapeutic indications. While these studies suggest a role for apoA-IV in lipid metabolic diseases, only a few clinical studies have investigated its linkage to diseases of glucose metabolism and energy utilization (30) (31) (32) . Further studies of this type may now be warranted by the newer findings showing a role for apoA-IV in glucose metabolism as will be discussed later. 
Gene regulation
Each gene in the APOA1/APOC3/APOA4/APOA5 cluster displays distinct tissue-specific expression patterns.
APOA1 is expressed in both liver and intestine; APOC3 is primarily expressed in liver and to a lesser degree in the intestine, and APOA5 appears to be exclusive to the liver (33). APOA4 is expressed primarily in the small intestine with minor amounts made in the liver (34,35). As will be discussed later, the neurons in the hypothalamus and arcuate nucleus are also capable of synthesizing apoA-IV and it has recently been reported in dendritic cells of the immune system although its function in the latter remains to be investigated (36). The jejunum is the major site of apoA-IV synthesis, but it is also produced in the duodenum and ileum (37). ApoA-IV expression can be regulated by a number of factors, including lipids, glucocorticoids, thyroid hormone, estrogen, insulin and metabolic state (35, (38) (39) (40) (41) (42) ). This regulation is tissue specific and can also be species specific. For example, expression in the intestine is increased by estrogen in rats but decreased in mice (43). The effects of insulin and glucocorticoids on intestinal apoA-IV synthesis may be agedependent and may differ among species. Some reports indicate that apoA-IV does not respond to these effectors (35,38-41), although jejunal explants from 2-d old piglets were found to respond with increased apoA-IV production (44).
Hepatic apoA-IV expression is low and is strain dependent in mice (42). Expression is influenced by metabolic state as well as the various hormones mentioned above (35,38,39,41). Whether or not this holds true for human liver expression is not known. Hepatic apoA-IV expression was thought to be rodent specific but its presence in human liver and several human hepatocyte cell lines has been documented (45,46), and most DNA response elements are similar between the species. Some uncertainty arises because hepatocyte cell lines do not adequately reflect in vivo conditions. Conversely human liver samples from subjects in various metabolic states have not been tested, and current literature indicates that apoA-IV expression is very responsive to energy balance in the intestine, liver and brain in rodents (42,45,46). While extensive characterization of the physiological regulation of apoA-IV has been done in rats and genetically modified mice, DNA sequences and binding proteins involved in molecular regulation of APOA4 gene expression have been less thoroughly investigated. Nonetheless, at least two key regions have been identified, one being a hormone response element 300-700 bp upstream from the transcription start site that binds HNF-4α and confers villus-specific expression to APOA4 (47). Recently members of the cyclic AMP response element binding protein (CREB) family of transcription factors have been shown to increase APOA4 expression (36,48) and specific binding sites for CREBH were by guest, on December 22, 2017 www.jlr.org Downloaded from identified proximal to both human and mouse APOA4 genes (48). Interestingly one of the CREB members, LUMAN (CREB3), increased APOA4 expression ~5 fold in dendritic cells without affecting other members of the gene cluster (36), but the physiological importance of apoA-IV protein in these cells remains to be investigated. Estrogen related receptoralpha (ERR-alpha) has been shown to regulate APOA4, however this appears to act through the closely linked APOC3 promoter/enhancer region (49). A PPAR-α response element was also demonstrated ~3kb upstream of APOA4 and was shown to activate the gene in HepG2 cells (46) . Whether it also functions in vivo is not known, and it is possible that it is primarily involved in APOC3 regulation.
Physiological regulation of apoA-IV

Diet, fasting and feeding
Of the major apolipoproteins secreted by the intestine, only apoA-IV is stimulated by lipid absorption; neither protein nor carbohydrate absorption affects apoA-IV secretion. Kalogeris et al. found that intestinal apoA-IV secretion is closely tied to the transport of long-chain fatty acids in chylomicrons, with higher doses of administered lipid eliciting a graded increase of apoA-IV secretion into lymph (50). Absorption of medium or short chain fatty acids does not stimulate apoA-IV synthesis or secretion (51). In addition to stimulating apoA-IV secretion (2,52), lipid feeding also stimulates its synthesis several fold during active lipid absorption and chylomicron formation in the small intestine (53,54). This stimulation of apoA-IV secretion occurs rapidly (within half an hour following the onset of active lipid absorption) and is unique to apoA-IV among the apolipoproteins (55). Fasting markedly reduces circulating and central apoA-IV levels, with lowered apoA-IV gene expression in both the jejunum and the hypothalamus (56). Refeeding fasted rats with a lowfat diet (e.g. regular rodent chow) evokes a significant increase of apoA-IV mRNA in jejunum but not in hypothalamus whereas refeeding them with a lipid-rich meal raises apoA-IV mRNA levels in both hypothalamus and jejunum (56). The mechanisms underlying this differential response remain to be investigated. 8 across the course of the experiment. However, HFD rats had a slow progressive reduction in hypothalamic apoA-IV mRNA that became significantly lower than that of LFD or CHOW rats by 10 weeks. Intragastric infusion of a lipid emulsion to overnight-fasted animals significantly stimulated hypothalamic apoA-IV mRNA in LFD and CHOW rats but had a minimal effect in HFD rats (57). These results imply that chronic consumption of a HFD and/or becoming obese significantly reduces apoA-IV mRNA levels and the responsiveness of apoA-IV gene expression to dietary lipids in the hypothalamus (57). We also tested in that study if it is the obesity or the high fat content that was responsible for the decrease in hypothalamic apoA-IV. This was achieved by pair-feeding the HFD to match calories consumed by chow-fed animals. In that scenario, hypothalamic apoA-IV did not decrease and so we concluded that the decrease in hypothalamic apoA-IV was caused by obesity and not the high fat content of the diet. Furthermore, we proposed that the dysregulation of hypothalamic apoA-IV could contribute to DIO. Further supporting this concept is the observation that the attenuated responsiveness of apoA-IV to fasting and lipid feeding has also been observed in ob/ob mice (Tso et al., unpublished) .
Interestingly, because of the effect of acute lipid feeding on apoA-IV synthesis and secretion (58), plasma apoA-IV is a good marker of triglycerides after fat ingestion. That is, plasma apoA-IV is positively correlated with plasma triglycerides during fasting and after a lipid-rich meal (59-61). It was once thought that apoA-IV would be a useful biomarker of fat intake in animals and in humans (60,61). However, the muted response in obese subjects and HFD animals has greatly diminished the potential utility of apoA-IV as marker of fat intake this purpose (57, (62) (63) (64) (65) (66) . Rather this muted response may be a factor reducing the effects of apoA-IV in obese animals (and humans), including regulation of food intake, and insulin secretion, as discussed later.
Circadian rhythm of apoA-IV synthesis and secretion by intestine and brain
Serum apoA-IV exhibits circadian rhythm (67) and it increases during the dark phase, corresponding to the most active feeding period of the rodents. The serum apoA-IV circadian rhythm was abolished by lymph diversion, suggesting that lymph apoA-IV flux into the blood stream was responsible for the serum apoA-IV circadian rhythm. These results were consistent with meal-stimulated intestinal apoA-IV synthesis and secretion being the major source of plasma apoA-IV. Bile diversion abolishes the circadian rhythm of lymphatic apoA-IV output, thus suggesting that bile is a major determinant of the circadian rhythm of lymph apoA-IV probably due to its necessity for luminal lipid digestion and thus absorption and chylomicron secretion. It should also be noted that lymph apoA-IV output in the fasting state is maintained by bile flow possibly as a supply of phospholipids as well as bile acids to support intestinal "VLDL" secretion during fasting. The circadian rhythm of brain apoA-IV expression is quite different however. Liu et al. examined the diurnal pattern of hypothalamic apoA-IV gene and protein expression in ad libitum fed as well as feed time-restricted (food provided 4 h daily during the light cycle) rats (68) . In ad lib fed rats, hypothalamic apoA-IV mRNA and protein levels were highest during the light phase, peaking 3 h after lights on, and with a nadir 3 h after lights off. This pattern is opposite to the serum apoA-IV pattern. To determine if the hypothalamic pattern of apoA-IV is related to food intake or to the diurnal cycle, we changed the feeding pattern of the rats by shifting feeding to a 4 h period during the lights cycle (diet restricted animals). With this new feeding regimen, the daily patterns of the fluctuation shifted with a marked decrease in hypothalamic apoA-IV mRNA and protein levels during the 4 h feeding period of the light phase. Although corticosterone (CORT) secretion temporally coincided with the decreasing level of apoA-IV in the hypothalamus, depletion of circulating CORT by adrenalectomy significantly decreased, rather than increased, hypothalamic apoA-IV mRNA and protein levels (68) . This result indicated that the diurnal expression of hypothalamic apoA-IV is regulated by factors other than circulating CORT levels. The fact that hypothalamic apoA-IV level and food intake were inversely related during the normal diurnal cycle, as well as in the period of restricted feeding, demonstrates that hypothalamic apoA-IV is regulated by the timing of daily food intake and not by the light dark cycle. Importantly, apoA-IV in the brain appears to decrease in anticipation of feeding. Collectively, the data suggest that hypothalamic apoA-IV is an important mediator of meal-related events, and its down regulation is involved with preparing certain neural circuits that influence peripheral metabolic organs to be ready for an impending meal.
Role of apoA-IV in intestinal lipid absorption and secretion
Although apoA-IV is most highly expressed in the intestine and is responsive to lipid absorption, whether or not it influences the transport of dietary fat across the intestine into the lymph has not been settled. of the size of these particles, rather than entering the capillaries dietary triglyceride and associated lipophilic compounds are transported through the absorptive enterocyte into the lacteals and eventually into the intestinal lymphatics (illustrated in Figure 1 ). Thus, sampling intestinal lymph is the most direct way to assay the lipid absorptive process before the secreted lipids are diluted and metabolized in the plasma compartment. To this end, we have routinely and extensively used a lymph fistula procedure in rats and mice to measure absorption of triglyceride, cholesterol, and other lipids under a variety of experimental conditions. As illustrated in Figure 2 , mice are fitted with lymphatic cannulas for the collection of lymph secreted from the small intestine, and with a gastric or duodenal cannula for the delivery of lipid emulsion directly into the stomach or intestinal lumen. This conscious mouse model allows direct quantitation of the output of dietary (infused) lipids into the intestinal lymph, the amount of lipid remaining in the lumen (not yet taken up by enterocytes), and the amount taken up by enterocytes but not yet transported into lymph as chylomicrons (69, 70) . The key advantages of this model are that: 1) the animal is conscious, enabling the efficient and rapid packaging and secretion of chylomicrons during active intestinal lipid infusion; 2) lymph can be continuously sampled over the course of many hours, both during and after lipid infusion; 3) animals can act as their own controls, thus reducing the number of animals needed for study; and 4) lymph is sampled prior to its entry into the blood, so there is no confounding effect of peripheral metabolism to obscure the results.
The concept that apoA-IV is important for chylomicron formation was first suggested by Hayashi et al. who observed that when Pluronic L-81 (a potent inhibitor of intestinal chylomicron formation (71, 72) ) was added to an infusion of lipid, apoA-IV secretion into lymph failed to increase, and that during the reversal of Pluronic L-81 inhibition, apoA-IV secretion increased rapidly along with chylomicron secretion (54). Lipid droplets isolated from intestinal epithelial cells during Pluronic L-81 treatment, contain apoB and apoA-IV, indicating that apoA-IV associates with prechylomicrons during the early phases of their formation. This was further supported by Weinberg and colleagues, who suggested that apoA-IV may be important in stabilizing the surface of a forming pre-chylomicron particle inside the enterocyte (73, 74) , enabling these pre-chylomicrons to grow larger with the incorporation of more triglyceride molecules. This concept was supported in studies of cultured pig intestinal epithelial cells where the production of large amounts of apoA-IV resulted in copious secretion of large chylomicron particles (73, (75) (76) (77) . In the assembly of VLDL, Chauhan et al. (78) clearly demonstrated that the C-terminal α-helical domains adapt their surface conformation as the particle is expanded by the addition of triglyceride molecules. The authors speculated that because the gut produces only apoB-48, apoA-IV in enterocytes compensates for the lack of the C-terminal domains of apoB-48 in facilitating chylomicron by guest, on December 22, 2017 www.jlr.org Downloaded from assembly. Lu et al. proposed that in the newborn piglet as well as stably transfected IPEC-1 cells, elevated expression of apoA-IV greatly enhanced fat absorption by facilitating the formation of larger chylomicrons particles (73, (75) (76) (77) . More recently, Weinberg and Simon provided some evidence from knockout mice that apoA-IV is important in regional intestinal lipid absorption and is associated with related changes in gene expression (79) .
However, the importance of apoA-IV in intestinal lipid absorption is challenged by studies conducted by Kohan et al. (80, 81) which reported contradictory results. The in vivo role of intestinal apoA-IV in the formation and secretion of chylomicrons was tested directly in apoA-IV knockout mice using the lymph-fistula model. Using this model, we found that apoA-IV KO mice have reduced plasma lipid levels that are not caused by a defect in lipid absorption, food intake, or adiposity. The apoA-IV KO mice also had normal hepatic lipid metabolism and very-low density lipoprotein (VLDL) secretion. Interestingly, the only major difference we observed between the WT and KO animals was that apoA-IV KO animals secreted larger chylomicrons from the intestine and they were metabolized slower than the WT chylomicrons ( Figure 3 and 4) (80), documenting a previously unknown and unique property of chylomicrons lacking apoA-IV. This delay in chylomicrons metabolism was not corrected by injecting KO-derived particles into WT animals, suggesting that it is the chylomicrons and not the recipient animals that were responsible for the slower metabolism of the CM particles lacking apoA-IV. Another potentially interesting conclusion from this study is that circulating apoA-IV in lipid-free form or on HDL does not readily associate with chylomicrons. Despite an abundance of apoA-IV in the circulation of the WT animals, it may be difficult to add it to the apoA-IV free chylomicrons. This would be consistent with the "closed" structure of lipid-free apoA-IV described earlier. It is also possible that chylomicrons from apoA-IV KO mice differ from WT chylomicrons in ways other than the absence of apoA-IV and this is responsible for the slower chylomicron metabolic rate. ApoA-IV KO mice do not have a gross defect in dietary lipid absorption, and the cumulative secretion of triglyceride into lymph in apoA-IV KO mice is not different from that of their WT counterparts under a variety of lipid infusion regimens (81) . Collectively, these data indicate that apoA-IV is not required for normal overall dietary lipid absorption. However, the conflicting data described above do suggest a subtle but potentially important effect on chylomicron assembly and transport that warrants further investigation for clarification.
ApoA-IV as a satiety factor
Exogenous apoA-IV reduces food intake. Fujimoto et al. (55, 82) first provided evidence that apoA-IV is a satiety signal whose production by the small intestine is markedly increased as a result of active lipid absorption. This was 12 inferred when rodents receiving chylous lymph intravenously ate less than those receiving chylous lymph without apoA-IV (55). It was subsequently found that intravenous administration of a physiological dose of native apoA-IV inhibits food intake (55,82). Fujimoto et al. (82) also provided evidence that the potential site of action of apoA-IV is in the central nervous system. Consistent with this, central or peripheral administration of recombinant apoA-IV reduce food intake without causing malaise (55, [83] [84] [85] , while administration of apoA-I at comparable doses has no effect on satiation (55). The latter is an important control since apoA-1 and apoA-IV have related structures and comparable actions on some aspects of lipoprotein metabolism. Coupled with our observation that both the lymphatic and serum apoA-IV concentrations are elevated during the dark phase, this evidence lends support to the concept that apoA-IV's physiological role may be as a fat induced satiety signal to regulate food intake.
To assess the possibility that endogenous apoA-IV has a satiating action, Fujimoto et al. injected apoA-IV antibodies into the 3 rd cerebral ventricle of rats and observed significantly increased food intake during the light cycle when animals normally do not eat much (82) . Later work by Liu et al. (84) suggested that the apoA-IV antibody likely neutralized endogenous apoA-IV produced by neurons in the arcuate nucleus of the hypothalamus. Both peripheral and centrally administered apoA-IV cause satiety, the question is, 'how does it operate.' We proposed that peripheral apoA-IV secreted in response to the feeding of fat stimulates vagal afferent fibers sending signals to the arcuate nucleus. In turn, vagal efferents send signals from the hypothalamus to cause satiety by slowing both gastric and intestinal motility.
Indeed, total vagotomy abolishes the satiety effect of peripherally administered apoA-IV (86).
ApoA-IV regulation of gastric emptying and secretion
Lipids, and particularly long-chain triglycerides, inhibit gastric motor and secretory function (87) , and free fatty acids of chain length 12 or greater are more effective at inhibiting gastric motility than C10 fatty acids (87) . Intestinally absorbed long-chain fatty acids are re-synthesized into triglyceride in the enterocytes and are subsequently secreted in chylomicrons containing apolipoproteins including apoA-IV (88). Mesenteric lymph following lipid absorption reduces gastric motor function in recipient animals (89) , and this is attenuated when the chylomicrons are removed from the lymph. In subsequent studies, purified recombinant apoA-IV was found to significantly inhibit gastric motility (89, 90) . ApoA-IV KO mice have significantly faster gastric emptying and greater secretion of gastric acid after an ingested meal (91) . The action of apoA-IV to reduce gastric emptying is due its being released from chylomicrons and initiating a negative feedback on gastric motility via the cholecystokinin-1 receptor (CCK-1R) on capsaicin-sensitive by guest, on December 22, 2017
www.jlr.org Downloaded from 13 vagal afferent nerve terminals (91) . In addition to gastric emptying, centrally administered apoA-IV inhibits gastric acid secretion. Okamura and colleagues published a series of interesting paper on this subject from 1994 -1996 (92-95) .
Okamura also showed that apoA-IV administered centrally has an anti-ulcer action (94) .
Interaction of apoA-IV with leptin and cholecystokinin (CCK)
Leptin is secreted from adipocytes in direct proportion to stored fat (96) (97) (98) . Leptin is involved with many aspects of energy metabolism and neuroendocrine function (99) and, like apoA-IV, exogenous leptin reduces food intake and increases energy expenditure (100,101), with the two hormones interacting synergistically in this regard (102, 103) .
Consumption of a HFD increases plasma leptin levels in humans and rodents (97, 102, 103) . 14 nucleus (ARC) (102) . Knockdown of STAT3 expression by small interfering RNA (siRNA) significantly attenuated the stimulatory effect of leptin on apoA-IV protein expression in cultured primary hypothalamic neurons, implying that apoA-IV is regulated by leptin in the hypothalamus probably through the STAT3 signaling pathway. Leptin and apoA-IV potentiates each other in the reduction of food intake. Thus sub-effective doses of leptin and apoA-IV when administered together significantly reduced food intake (102).
Leptin is also produced by gastric mucosal chief cells (cells that also secrete HCL) and other endocrine cells in rodents and humans (111) (112) (113) (114) . Gastric leptin can be secreted both into the blood stream as well as into the gastric lumen where it is resistant to the proteolysis in the stomach (115) . The secretion of gastric leptin is stimulated by nutrients, vagal stimulation and several hormones including CCK and insulin (111, 116, 117) . Whether luminal gastric leptin has any effect on intestinal apoA-IV expression, and the relative importance of the luminal (gastric) versus circulating leptin (mostly derived from the adipose tissue) on intestinal apoA-IV expression, is unknown and further investigation is needed to understand the relationship between apoA-IV and leptin and their role in regulating food intake and energy metabolism.
CCK is secreted by intestinal I cells after lipid and protein consumption. Fat-induced stimulation is dependent on the formation and secretion of chylomicrons (118-120). CCK is involved in the initiation of gallbladder contraction and bile flow, stimulation of pancreatic enzyme secretion, modulating intestinal motility, and mediating satiation (121-123).
Experimental rats administered exogenous CCK have reduced meal size (122, 124) , an effect that is attenuated by either vagotomy, deactivation of vagal afferents with capsaicin, or administration of CCK-1R antagonists, thus leading to the conclusion that the satiation signals are relayed to the brain via CCK-1R on vagal afferent nerves (119, (125) (126) (127) (128) . There are several similarities between CCK and apoA-IV. Secretion of each is induced by fat absorption and this lipid-induced stimulation is dependent on chylomicron formation (54,126,129). In addition, both act peripherally (after either i.p. or intravenous administration) as well as centrally to reduce food intake (122, (130) (131) (132) .
Combinations of sub-threshold doses of CCK and apoA-IV produce a short-term satiation, and this satiation effect is attenuated by the CCK-1R antagonist, lorglumide (85) . Combinations of higher doses of CCK and apoA-IV cause a prolonged satiating effect (up to 4 h) that is not seen by either alone. ApoA-IV-elicited satiation is greatly attenuated in CCK-KO mice (86), and in contrast, CCK-induced satiation is greater in apoA-IV KO mice than WT animals due to increased CCK-1R expression in the nodose ganglia and nucleus of the solitary tract (NTS) (133) . These findings suggest that endogenous apoA-IV and CCK normally interact with each other to reduce food intake via CCK-1R, and that systemic apoA-IV requires an intact CCK system in order for it to work physiologically. This working model was first proposed by Raybould and colleagues who proposed that the stimulation of apoA-IV release induced by lipid absorption results in the stimulation of CCK secretion, followed by activation of the vagal nerves via a CCK-1R-dependent pathway (91) . Consistent with this, we have found that apoA-IV administered i.p. inhibits food intake in wild type but not CCK-
KO mice (86).
Although circulating apoA-IV does not cross the blood-brain barrier (134) , it is able to increase CCK-elicited activity in vagal afferent fibers, which discharge via a CCK-1R-dependent pathway in vitro (90) . Blockade of CCK-1R using lorglumide significantly reduces apoA-IV-induced satiation, suggesting that CCK-1R on vagal afferent nerves are important for relaying apoA-IV-induced anorectic signals to the brain (86). Subdiaphragmatic vagal deafferentation is a surgical procedure which eliminates all neuronal signals mediated via vagal afferent fibers from the abdominal viscera, including the intestines and liver, while leaving many vagal efferent fibers intact (135, 136) . Long-Evan rats with subdiaphragmatic vagal deafferentation have attenuated apoA-IV-elicited satiation effect (86). Our current model is that systemic apoA-IV and CCK work co-dependently to suppress food intake, and that peripheral apoA-IV requires an intact CCK system including CCK-1R on vagal afferent nerves to exert its satiation effects.
Interaction of brain apoA-IV with other neuropeptides in regulating food intake and energy metabolism
Administration of apoA-IV into the 3 rd -cerebral ventricle significantly reduces food intake in a dose-dependent manner without eliciting signs of toxicity (130) , and blocking the action of endogenous apoA-IV locally within the brain with its antibody increases meal size, implying that endogenous apoA-IV within the brain exerts an inhibitory tone on Double-staining immunohistochemistry in the ARC revealed co-existence of apoA-IV with neuronal nuclei (a neuronal marker), but less with glial fibrillary acidic protein (GFAP, a glial marker), suggesting that apoA-IV is largely present in neurons. Carefully controlled studies with radiolabeled apoA-IV demonstrated that circulating apoA-IV does not cross the blood-brain-barrier, confirming that brain apoA-IV is neuronally derived (134) .
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Food intake and body adiposity are controlled by multiple neuropeptides within the central nervous system (CNS), and these can be conceptually divided into anabolic and catabolic categories. When activated, anabolic systems, 
Role of apoA-IV in glucose homeostasis and insulin secretion
A novel role for apoA-IV in glucose metabolism and pancreatic β-cell insulin secretion has recently been identified (17) . Exogenous apoA-IV stimulates insulin secretion in a dose-dependent manner (17) . ApoA-IV KO mice fed a chow diet are glucose intolerant, resulting from an attenuated insulin secretion in response to an oral or intraperitoneal glucose challenge, suggesting that apoA-IV is essential for physiological blood glucose control. The male apoA-IV KO mice are more glucose intolerant than the female mice, and both sexes became more glucose intolerant as they aged. The glucose intolerance of the KO mice persisted on a HFD. It should be noted that in the C57BL/6J
background, the apoA-IV KO mice respond to HFD similarly to the WT animals. Administration of exogenous apoA-IV to apoA-IV KO mice dramatically improved glucose tolerance and restored insulin secretion of animals on chow diet as well as those on a HFD. ApoA-IV enhanced insulin secretion and glucose tolerance in WT animals. ApoA-IV secretion increases rapidly within 15 min in response to intragastric lipid and remains significantly elevated for at least 30 min (142) . The magnitude of the increase comprises about 10-15% of total plasma apoA-IV protein, and is comparable to the dose of exogenous apoA-IV we used in apoA-IV KO mice (17) . Therefore, it is likely that the rapid secretion of apoA-IV after consumption of a fat-rich meal is sufficient to stimulate insulin secretion. We believe that it is not the absolute level of circulating apoA-IV to which the body responds, but rather the change in concentration triggers the physiological action.
These data identify apoA-IV as an important component of the enteroinsular axis and the relationship between insulin secretion and the ingestion of glucose. ApoA-IV has a half-life of about 8 hours, which is much longer than that of better-known incretin hormones such as GLP-1 and GIP (143) secreted by the gut enteroendocrine cells. As a result of its long half-life, it has been reported that a single injection of apoA-IV normalized blood sugar for about 12 hours in KKAy diabetic mice (17) .
ApoA-IV induced a dose-dependent augmentation of insulin release when isolated islets were exposed to 20 mM glucose, but not with 3 mM glucose (17) . Membrane depolarization by closure of the K ATP channels activates voltagegated Ca 2+ channels and leads to Ca 2+ influx, which triggers the exocytosis of insulin. Although the functional K ATP and calcium channels are required for the action of apoA-IV on insulin secretion, apoA-IV did not act directly to stimulate calcium influx. Instead, the action of apoA-IV is downstream of Ca 2+ influx and amplifies insulin exocytosis (20) . While these data suggest that apoA-IV acts on the later stages of insulin secretion, the precise molecular mechanism remains to by guest, on December 22, 2017
www.jlr.org Downloaded from be elucidated. However, we do know that the pancreas is not capable of synthesizing apoA-IV and so the pancreatic betacells rely on circulating apoA-IV to enhance their insulin secretion in response to elevated blood glucose.
ApoA-IV also regulates gluconeogenesis. ApoA-IV suppresses the gene expression of PEPCK and Glc-6-Pase in hepatocytes, and as a result decreases hepatic glucose production (144) . Importantly, the transcriptional suppression of PEPCK and Glc-6-Pase by apoA-IV is mediated by nuclear receptor subfamily 1, group D, member 1 (NR1D1), since when NR1D1 expression is suppressed in hepatocytes by siRNA, apoA-IV loses its effect on PEPCK and Glc-6-Pase gene expression (144) . As one would expect, there is higher hepatic glucose production and higher gluconeogenic gene expression in apoA-IV KO mice. We conclude that apoA-IV inhibits hepatic gluconeogenesis by decreasing Glc-6-Pase and PEPCK gene expression through NR1D1, and that this novel regulatory pathway links an influx of energy as fat from the gut (and subsequent apoA-IV secretion) with inhibition of hepatic glucose production to normalize blood sugar. As with the pancreas, the mechanism by which circulating apoA-IV affects hepatic NR1D1 remains to be elucidated. We do know that ApoA-IV exhibits high-affinity binding to isolated human hepatocellular plasma membranes; the binding is saturable, reversible, and specific, suggesting that a membrane protein is involved in binding (145) . Although a specific receptor for apoA-IV has not been identified as yet, apoA-IV apparently is able to enter the hepatocyte and interact with transcription factor NR1D1 (144).
Potential Clinical Implications -Bariatric Surgery
Roux-en-Y gastric bypass (RYGB) is an effective treatment for the dramatic and sustainable weight loss in morbidly obese subjects. Moreover, type-2 diabetes is resolved in over 80% of obese patients receiving RYGB (146) .
While the mechanisms behind the amelioration of metabolic abnormalities are largely unknown, growing evidence suggests that the rapid bypassing of the foregut by ingested nutrients alters the normal hormonal output of the intestine, including many factors which regulate food intake, glucose homeostasis and energy metabolism (147) . A recent report has suggested a potential role for apoA-IV in ameliorating diabetes after gastric bypass. Initially, plasma apoA-IV decreases markedly a short time after bypass surgery or in patients undergoing weight loss, but the level rises after several months (148) . In agreement with other studies, body weight, obesity-related co-morbidities and medication needs decreased in these obese patients who had elevated apoA-IV following RYGB, and their mortality was decreased by 40% (149) . Another study investigated the effect of RYGB on body weight and cardiovascular risk factors one year after surgery (150) . HDL-cholesterol and apoA-IV protein were significantly increased after RYGB, and there was a strict linear relationship between weight loss and plasma apoA-IV. ApoA-IV could now be added to the list of gastrointestinal hormones whose plasma concentrations rise after RYGB, along with PYY and GLP-1 (151).
The significant association between weight change and apoA-IV level in these studies is consistent with an effect of apoA-IV on food intake reduction and weight loss. However, additional work is needed to assess whether higher apoA-IV has a causative role or is a consequence of weight loss. Notably, changes in GI hormones following RYGB typically occur within days to weeks, and reduced food intake and improved insulin secretion also occur soon after surgery (151) . Since apoA-IV decreases immediately after RYGB surgery and then rises again much later, it is probably unlikely that apoA-IV is involved in the relatively quick improvement in glucose homeostasis in diabetic patients.
However, as pointed out earlier, the absolute level of circulating apoA-IV may not be as important as the changes in the response of apoA-IV to fasting and feeding. As regards cardiovascular risk, elevation of apoA-IV may be protective due to its contribution to reverse cholesterol transport and/or its anti-oxidative and anti-inflammatory properties (10) (11) (12) (13) (14) (15) (16) .
Thus, it is reasonable to speculate that increased circulating apoA-IV not only contributes to weight loss but also to the improvements in inflammation and cardiovascular disease after RYGB. Future clinical studies of metabolic changes after RYGB surgery need to be designed that assay for and assess whether apoA-IV changes are involved with improved weight loss and glucose homeostasis. ApoA-IV KO mice could provide a powerful tool to test for the importance of apoA-IV in mediating the effect of bariatric surgery by determining whether the improvement of obesity and diabetes is blunted by the absence of apoA-IV.
Summary and prospectus
Increasing evidence indicates that apoA-IV is very important in the integrated control of food intake, metabolism and glucose homeostasis. Intestinal apoA-IV responds uniquely to the ingestion of lipid, a high-energy food substrate ( Figure 5 ). It does not respond to the ingestion of the other macronutrients. The rapid rise of circulating apoA-IV after fat ingestion is consistent with its involvement in the short-term regulation of satiation and glucose homeostasis by stimulation of insulin secretion by the pancreas (as shown in Figure 5 ). The satiety effect of apoA-IV released by the gut is mediated via vagal afferent nervous signals to the brain which are blocked by the CCK1 receptor antagonist. In addition, satiety caused by apoA-IV can be mediated centrally by apoA-IV containing neurons in the hypothalamus ( Figure 5 ). Thus overall, the satiety effect of apoA-IV is probably regulated centrally through the hypothalamic apoA-IV containing neurons. In addition to active fat absorption, apoA-IV synthesis and secretion by the gut is also stimulated by 20 PYY, an ileal brake hormone. Both rodent and human studies suggest that while intestinal apoA-IV synthesis and secretion are initially increased during consumption of a HFD, the system becomes less responsive to fat feeding after chronic consumption of a HFD (63, 152) . This attenuation of apoA-IV secretion in response to chronic lipid feeding is probably mediated through increased circulating leptin, which may blunt its regulation of food intake and body weight. A clinically relevant question that remains to be tested is whether diet modification, exercise, or bariatric surgery can restore the normal apoA-IV response to lipid feeding.
In terms of glucose homeostasis, we have clearly established the incretin properties of apoA-IV in promoting insulin secretion with elevated glucose. With apoA-IV having a much longer half-life than GLP-1 and GIP (~8h vs. a few minutes), it will be important to determine the relative importance of these three incretins and the pathways involved in maintaining glucose homeostasis. We do have preliminary data strongly suggesting that apoA-IV's action on pancreatic islets is not mediated through the GLP-1 receptor, though determining apoA-IV's mechanisms of action on islets and on gluconeogenesis remain high priorities given the current prevalence of type II diabetes.
Although we currently have no information on apoA-IV's receptor(s), it is tempting to speculate that it has multiple receptors, perhaps depending on the particular function with which apoA-IV is involved or the tissue being affected. The situation may be analogous to the histamine receptors, where one ligand interacts with four different types of receptors. Initial structure-function studies have indicated that this may indeed be the case. For example, a region near the N-terminus is required for apoA-IV's effect on satiation and food intake (17) , but this region is not involved with islet interactions (Tso et al. unpublished) . It is clear that identifying the apoA-IV receptor(s) and the cellular and molecular pathways involved represents the next frontier for understanding the functions and translational applications of apoA-IV.
We predict that apoA-IV has great potential to serve as a therapeutic agent for the treatment of glucose intolerance, diabetes, and obesity, as well as having potential for treating lipid disorders and atherosclerosis.
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Minor allele of the APOA4 gene T347S polymorphism predisposes to obesity in postmenopausal Turkish women. AUC analysis was performed. *P < 0.05 versus mice receiving WT donor chylomicrons (63) . and WT mice (n=6). Lymph samples were stained with 2% phosphotungstic acid prior to transmission electron microscopy, and 800 particles were counted from each group (63) . 
